Rapid development of a number of wireless communication systems imposed an urgent requirement for a technology which contains multi-wireless communication standard. Since the ultra-wideband (UWB) technologies are of advantage in broad bandwidth and high-speed transmission, much attention has been paid to exploiting the UWB bandpass filters. In this chapter, the development process of the UWB bandpass filters and the regulation of the UWB bandpass filter are initially introduced. Subsequently, the application scenarios of UWB filters in UWB communication systems and unique merits of UWB filters were explored. In addition, the primary performance specifications of the UWB filters, including insertion loss, return loss, the level of out-of-band attenuation, and roll-off rate, are also presented. After a brief discussion of microwave network theory, several methods for implementing UWB filters are summarized. Furthermore, the design of the UWB filter with notch band is presented in Section 5. The last section, the Conclusion section, is given at the end of this chapter.
Introduction
The ultra-wideband (UWB) communication technology with a long history is developed rapidly in the past few decades. Since 1989, the UWB was first employed by the Defense Advanced Research Projects Agency (DAPRA) as a term, and the DAPRA also proposed the bandwidth definition of the UWB. In fact, the UWB technology was only authorized to be applied in military communications. Since February 2002, the development of UWB has undergone a great change. The Federal Communications Commission (FCC) finally released the UWB spectrum globally for data communication or radar and security field for civilian application and redefined the bandwidth of UWB, which specifies that the UWB radiofrequency signal has a fractional bandwidth (FBW) greater than 20% or 10 dB absolute bandwidth greater than 500 MHz. According to the definition of FCC part 15 [1] , the authorized band allocated to the UWB communication systems is ranging from 3.1 to 10.6 GHz. Unprecedented 7.5 GHz of bandwidth is the largest bandwidth of any commercial terrestrial system has ever allocated. The 3 dB FBW of the UWB can reach 109%, and FCC emission mask specified that the transmission power does not exceed À41.3 dBm/MHz (75 nW/MHz). The way of sharing the spectrum with extremely low-power spectral densities (PSD) is of paramount significance in present intense crowned spectrum circumstance. The major merits of the UWB are as follows:
Firstly, high date rate: according to the Shannon formula for channel capacity [2] , the maximum infallibility information date rate of the system in the additive white Gaussian noise (AWGN) channel can be expressed as
where B stands for channel width and S/N denotes the signal-to-noise ratio. Hence, it can be concluded from Eq. (1) that even if the signal-to-noise ratio values are as low as 0.1 (À10 dB), the system's data rate still can reach as high as 1 Gbps. It fully demonstrates the extremely high date rate of the UWB system. Secondly, strong anti-interference ability: UWB resorts carrierless communication with nanosecond pulses. With Fourier transform, it can be derived that the power spectral density is dramatically wide with low-energy density, which reveals that the UWB system is of excellent concealment. Thirdly, high resolution ratio of time and space: the UWB is operating at high frequency with a nanosecond resolution of time domain, and the short wavelength at the RF enables spatial resolution of 0.1 m approximately. The rapid development of 5G [3] and the Internet of Things (IoT) [4] has an urgent demand for high response speed and high positioning accuracy, and the UWB can perfectly meet this requirement. The emergence of key reports and research process, whether from an academic or engineering perspective, has greatly advanced the development of UWB over the past few decades.
The UWB bandpass filters served as key building block in UWB wireless communication systems to regulate the FCC UWB masks have aroused much research interest in this century. And various attempts to design UWB have been reported continuously. The UWB bandpass with a FBW of more than 20% have been reported with simple design methodology and excellent passband performance since 2012 [5, 6] . However, for the FCC authorized specification, 109% of the FBW is actually an unprecedented challenge in approaching UWB bandpass filters design. Despite the well-established comprehensive design theory for narrowband bandpass filters with varied specification [7] [8] [9] [10] , the synthesis design methods for UWB bandpass filters are not suitable to employ existing powerful design theory foundations.
Various techniques have been presented to develop the UWB bandpass filters. One of the straightforward methods is cascading a low-pass filter and a high-pass filter to accomplish UWB bandpass filter [11] [12] [13] . Though considerable wideband is realized in [11] , the occupied circuit size needs to be further reduced. To achieve UWB bandpass filters with compact size and simple design process, multimode resonator (MMR) has been presented [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . In [16] , the UWB bandpass filter is achieved with wide stopband, and 40 dB attenuation can be realized within frequency ranging from 12.0 to 16.0 GHz. In [19] , quintuple-mode resonator is introduced to design UWB bandpass filter and sharp shirt, and wide upper stopband is achieved simultaneously. A UWB bandpass filter with 20 dB out-of-band suppression up to 25.1 GHz is proposed in [21] .In [25] , a novel MMR with interdigitalcoupled-microstrip line sections is implemented, which can excite seven transmission poles to design UWB bandpass filter with high roll-off rate. In summary, design of UWB bandpass filters by using MMR is of compact size and with multitransmission poles, whereas the range of out-of-band rejection is still insufficient since harmonic effects. Similar to the MMR, the stub-loaded multimode resonator (SLMMR) is another ideal structure to design UWB bandpass filters owing to its simple structure and easy design procedure [26] [27] [28] [29] [30] [31] [32] [33] . In [26] , a highly selective UWB bandpass filter is achieved by short-circuit stub-loaded structure, which can excite 11 resonant modes to fulfill the requirement of UWB with miniature circuit size.
The stub-loaded quintuple-mode resonator is employed to design UWB bandpass filter with two transmission zeros near the lower and the upper cutoff frequencies in [30] . To address the issue of harmonic effect to obtain wide stopband, the stepimpedance resonator (SIR) is utilized to design UWB bandpass filters with remoted harmonic [33] [34] [35] [36] [37] . A UWB bandpass filter with more than 30 GHz out-of-band attenuation is approached by using SIR in [34] . The novel ring resonators are considered as an effective way to design UWB bandpass filters attributed to its miniature size and multiple resonance behavior [38] [39] [40] [41] [42] [43] [44] [45] [46] . In [39] , a design of UWB bandpass filter with extremely compact circuit size (0.46 cm 2 , without feedlines) by using quintuple ring resonator is proposed. In [42] , UWB with switchable bandwidth is also investigated by implementing a ring resonator, and tunable passband ratio of 1.22:1.13:1 is obtained. Another major category of UWB bandpass with desired UWB passband performance is based on the parallel-coupled lines [47, 48] . In [48] , by using parallel-coupled microstrip lines, a UWB bandpass filter with a passband from 3.1 to 10.6 GHz of less than 1 dB insertion loss is accomplished; meanwhile, the attenuation level can reach 40 dB in stopband. In order to cater for the urge demand for miniaturization, UWB bandpass filters with multilayer structures have been extensively investigated and reported [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . In [57] , design of an eight-pole UWB filter is demonstrated; meanwhile the proposed UWB filter not only has merits of miniature circuit size but also processes a 38.1 dB out-of-band suppression by utilizing the multilayer structure. In addition to the aforementioned techniques, there were also other routines to obtain the UWB bandpass filter, such as semi-lumped UWB bandpass filter [58, 59] and UWB bandpass filter designed with right-/left-banded structure [60] [61] [62] . Furthermore, for the purpose of achieving the UWB communication while eliminating other inferences of current communication systems, notch band UWB bandpass filter is presented [60, [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] and will be demonstrated in detail in Section 6 of this chapter.
This chapter mainly focuses on the various approaches to achieve UWB bandpass filter and the discussion of several conventional methods for highperformance UWB filter with wide stopband, high out-of-band attenuation, sharp selectivity, and miniaturization. Therefore, the organization of this chapter is as follows: in Section 2, application scenarios of UWB, development history of UWB, and the UWB regulations established by the FCC are briefly demonstrated. In Section 3, the major specifications of the UWB filters as well as the foundation of design methodology are illustrated. Section 4, the key section, focuses on varied approaches to realize the UWB filter design. Common ways for accomplishing the design of UWB filters can be classified into the following categories: one of the general methods of designing UWB bandpass filter is using multimode resonator (MMR) (Section 4.1), and similar to the method in Section 4.1, UWB bandpass filters are also realized by using a stub-loaded multimode resonator (SLMMR) (Section 4.2). The methods of implementing the UWB bandpass filter with multilayer structure, parallel-coupled line, and step-impedance resonator design methodology are, respectively, reviewed in Sections 4.3-4.5. In order to fulfill the requirement to eliminate the RF interference within the UWB band, the UWB bandpass filter with notch band has been designed and reported extensively, which is reviewed in Section 5. Section 6, the Conclusion section, will be given at the end of this chapter.
Regulation and application
The UWB wireless communication has been only authorized to the military communication for 42 years. Since 2002, the FCC released the unlicensed employment of UWB for commercial purpose and classified the application scenario into imaging system, vehicle radar system, and communication and measurement system. According to the regulation of FCC, the f L and f H are located at 3.1 and 10.6 GHz, where f L and f H , respectively, stand for the frequencies with 10 dB attenuation of the upper and lower sidebands. Therefore, the center frequency of UWB bandpass filter is expressed as
Meanwhile, the FBW can also derived as
For the purpose of evading the interference of UWB systems and existing communication systems (such as GPRS, WLAN, TD-LTE, and mobile cellular), the radiation spectral density of UWB systems is strictly limited and regulated, the highest power spectral density of the UWB systems regulated not exceeding À41.3 dBm/MHz, as illustrated in Figure 1 . It is worth noting that the regulation also varies depending on the indoor and outdoor circumstance.
As depicted in Figure 2 , the UWB band has an extremely high FBW and unparalleled 7.5 GHz absolute bandwidth; the UWB therefore has potential in many applications. The UWB can be applied to support large channel capacity since its huge bandwidth, whereas its propagation distance is limited by low effective isotropic radiated power (EIRP). Therefore, the UWB is an ideal candidate for short-distance high-rate communication. For detecting, the UWB has a dramatic penetrating ability by using its outstanding weak narrow pulse of baseband, which can easily penetrate the leaves, the earth's surface, the clouds, and the concrete; even objects behind the obstacle can also detected. For locating, high positioning accuracy can be accomplished by UWB technology, whether for military or civilian application.
The UWB bandpass filters have the responsibility to remove the unwanted signals and noise in UWB communication system. As shown in Figure 3 , for the transmitting system, the modulated signal is directly filtered by using the UWB bandpass filter, and the UWB bandpass filter is also a critical component in RF front end of the receiving system [5] . Therefore the UWB bandpass filters are known as an inevitable key building block of wideband communication systems, and the filtering performance of UWB bandpass filter will directly related to the performance of the entire UWB system.
Microwave foundation of designing UWB bandpass filters 3.1 Performance specifications
The performance is a critical factor for UWB filters even in any engineering device, and the major parameters for UWB filter performance evaluating are as follows:
1. Insertion loss (IL): insertion loss is the attenuation caused by the introduction of the device between the in port and out port, usually expressed in dB. The insertion loss can be calculated as follows:
where P in is the input transmitted power and the P out is the output received power. In addition to the mismatching loss, the actual bandpass filters have a series of other losses. Firstly, dielectric loss, can expressed as where the λ g is the guide wavelength of 50 Ω microstrip line at frequency f. Secondly, the conductor loss, can be derived from
where μ 0 is the permeability of vacuum, σ is the conductivity, w is the width of conductor, and t is the conductor thickness.
Thirdly, the dielectric loss, can be written as
2. Return loss (RL): return loss is the ratio of the reflected power to the incident wave power, expressed in dB:
3. FBW and center frequency 4.Roll-off rate (ROR): the ROR is a critical specification for evaluating passband selectivity and can be defined as follows:
where δ À20 dB and δ À3d B are attenuation point at À20 and À3 dB, respectively. f À20 dB and f À3d B are, respectively, À20 and À3 dB stopband frequency.
5. Group delay: the ratio of phase variation to frequency variation is utilized to describe the overall delay of signal though the device. The group delay can be derive as
6. Out-of-band suppression level: the stopband suppression level is applied to evaluate the out-of-band performance of the UWB bandpass filter.
7. Upper stopband bandwidth: it is worth noting that there is no spike in the stop band.
8. Transmission poles: multi-transmission poles prone to achieve UWB bandpass filters with sharp shirt.
9. Transmission zeros: the UWB bandpass filter with multi-transmission zeros tends to process excellent out-of-band rejection and high selectivity of passband.
Foundation of conventional transmission line filter analysis
The critical step in the design of a conventional transmission line UWB filter is to select the appropriate electrical lengths/impedances of transmission lines to adjust the resonant modes to fulfill the design specifications of UWB bandpass filter. For the purpose of establishing the expression of the resonant frequencies and each electrical lengths or impedances, the Y in of UWB filter needs to be derived, and the resonance condition can be calculated by using the following expression:
As demonstrated in Figure 4 , the detailed steps for solving resonant frequencies with numerical calculation are as follows:
Step 1, Initialization. The electrical lengths θ i (i =1,2,…, n), f 0 (reference frequency for electrical length calculation), and frequency sweep range should be given.
Step 2, Recalculating the electrical lengths. When the frequency f i is considered, all of the electrical lengths should be recalculated as θ n 0 ¼ θ n f i =f 0 . Then, we substitute the updated electrical lengths into Eqs. (2)- (8) .
Step 3, if Eq. (1) is satisfied, that is, f 1 = f i is the first resonant frequency that we are searching for, then the resonant frequency f 1 should be saved and turn to the next step. If Eq. (1) is not satisfied, the program turns to the next step directly.
Step 4, considering the next frequency f i++ .
Step 5, is the new value of f i++ beyond the frequency sweep range? If the answer is yes, then quit and end the program. If the answer is no, then go to step 2. 
Classical even-odd-mode analysis method
Since the odd-mode resonant frequencies of the symmetrical structure are orthogonal to the even-mode resonant frequencies, the whole transmission line model can be divided into odd-mode and even-mode circuits. Therefore, the resonant frequencies are then derived separately, which dramatically reduces the computation of resonant modes. It is worth noting that with odd-mode excitation, the symmetrical planes are considered to be grounded and with even-mode excitation, the symmetrical planes are considered to be open.
Even-/odd-mode input admittance can be obtained from the evenÀ/odd-mode equivalent circuit, and Eq. (11) can be replaced by the following equations:
Im Y ino ðÞ ¼ 0 (13)
Classical [ABCD] matrix analysis method
The analysis of traditional transmission line filters with asymmetric structures is no longer within the application scope of classical odd-even-mode analysis method. To overcome this issue, the ABCD matrix method is employed to approach the overall transmission ABCD matrix; the Y in is then derived from the ABCD matrix of the overall structure. The ABCD matrix of several typical transmission line models and the ABCD matrix of several conventional circuit elements are depicted in Figure 5 .
Analysis of parallel-coupled lines
The analysis of parallel-coupled lines is more complicated than that of series/ shunt transmission lines. One of the reliable ways is to analyze the parallel-coupled lines as a four-port component, and parameters of parallel-coupled lines are shown in Figure 6 .
Different paralleled coupling conditions and the position of the in/out port correspond to varied initial conditions. Therefore, the Z matrix of parallel-coupled lines can be solved according to this initial condition. The four-port impedance matrix is given as follows. where
4. Common UWB bandpass filters
UWB bandpass filters using MMR
A quintuple-mode resonator is proposed to design UWB bandpass filter, and the physical layout of the presented UWB filter is sketched in Figure 7 [19] . Since the whole structure is symmetrical along the T-T' line, classical odd-even-mode method is adopted to analyze the quintuple-mode resonator. As demonstrated in Figure 8 , five resonant modes can be generated by quintuple-mode resonator; besides, owing to the loaded stub, two transmission zeros are realized both at lower and upper cutoff frequencies; thus, high selectivity is approached. As shown in Figure 9 , the measurement results are in good agreement which shows sharp skirt and ultra-wide stopband of the UWB bandpass filter (Figure 9 ).
UWB bandpass filters using SLMMR
As illustrated in Figure 10 , dual short stub-loaded resonator is presented to construct UWB transmission characteristics [31] . Owing to symmetrical structure of the presented SLMMR, classical odd-even-mode method can be introduced to analyze the resonant modes of UWB filter. With even-mode excitation and oddmode excitation, the input admittance can be, respectively, written as follows: By using the numerical calculation method mentioned in Figure 4 , the design graphs for implementing UWB bandpass filter are sketched in Figure 11 . For example, by properly choosing the values of θ 2 , the excited four resonant frequencies can be easily adjusted to the desired UWB specifications. Therefore, the first four resonant modes are located at 2.86, 5.58, 8.56, and 10.21 GHz, and the dimension parameters are optimized by IE3D as follows:
6, W 4 = 0.2, and W 5 = 0.3. It can be observed in Figure 12 that simulation results are in good agreement with measurement results, which shows UWB bandpass characteristics with small and flat group delay in the passband.
UWB bandpass filters with multilayer structure
In order to design bandpass filter with UWB performance while occupied compact size, dual-layered structure is proposed in [56] . The UWB filter is constructed by substrate integrate waveguide (SIW) ridge resonator, and the bandwidth of the UWB filter can be easily tuned by properly changing the width of rod in ridge resonator. The scheme diagram is sketched in Figure 13 . Figures 14 and 15 , the bandwidth of UWB filter increases as the R s increases, and the coupling strength and the bandwidth are both decreased as R L lessens; thus, the bandwidth of UWB filter can be easily tuned by properly adjusting the R s and R L , and design parameters are finally chosen as W 0 =0.4,L 0 =4,
As depicted in
.15, and L 5 = 4.1. For the purpose of validating the design methodology, the dual-layer UWB bandpass filter is fabricated on the substrate of Rogers 6006 with relative permittivity if 6.15 and measured. The measurement results indicate that the proposed UWB filter is of extremely low insertion loss (<1 dB) and 47 dB stopband suppression up to 17.4 GHz with compact size, which can be observed in Figure 16 .
UWB bandpass filters with parallel-coupled lines
The parallel-coupled lines can also employ to design UWB bandpass filter with simple structure. In [47] , shorted coupled line structure and λ/4 shorted stub are introduced to achieve UWB bandpass filter with compact size. The ideal transmission line model of proposed UWB bandpass filter is demonstrated in Figure 17 . Since the shorted coupled line structure is not a symmetrical structure, the ABCD matrix analysis method is employed to solve the input admittance of the proposed UWB bandpass filter, and the Y-matrix of this filter can be written as
where 
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where Thus, transmission coefficient can be derived. By properly changing the electrical lengths, UWB bandpass characteristics can be fulfilled, and the dimension parameters can be determined by using full-wave EM simulator, as demonstrated in Figure 18 . Then simulation results and measurement results of fabricated UWB bandpass filter are shown in Figure 19 , which shows excellent passband performance and multi-transmission zeros.
Microwave UWB bandpass filter with notch band
As illustrated in Figure 2 , the UWB band has dramatic high FBW and surprisingly 7.5 GHz absolute bandwidth; therefore, the UWB has got great potential in many applications. However, a variety of undesired radio signal interferences and noise exist in the UWB frequency spectrum covering 3.1-10.6 GHz. Such as WiMAX (3.5 GHz), WLAN (5.2 GHz, 5.8 GHz), C-band satellite signals (5.975-6.745 GHz, 6.725-7.025 GHz), and RFID (6.8 GHz). As shown in Figure 2 , some interference is introduced to the UWB communication system due to these narrowband signals. Thus, several notches are required to filter out the unwanted radio interference signals in UWB communication systems. In general, the methods of introducing a notch band in the UWB bandpass filter is of same essence, which is the electromagnetic energy of a certain frequency absorbed in the UWB band, so that signals with this frequency has been shorted out and averted to transmit from input to the output port. The design of the UWB notch filter has the following two methods: first, introducing additional notch unit circuits and, second, introducing lateral signal interference. The notch unit can be realized by various configurations, which includes single-mode/multimode resonator, a defected ground structure resonator, a metamaterial resonator, etc. Ultimately, the purpose of introducing notch unit circuits is to construct an electromagnetic absorption that set a notch in the UWB. Obviously, the notch which is designed based on aforementioned method is independently controllable. Furthermore, the number of notches can be easily extended, such as dual-notch band UWB filter and triple-notch band UWB filter.
To approach UWB bandpass characteristics with notch band, open-ended stubs can be applied to generate electromagnetic absorption [70] . The physical configuration is shown in Figure 20 . Triple pairs of dumbbell defected ground structure are introduced to realize low-pass transmission characteristics with improved out-offband performance. Embedded open-circuited stubs are utilized to generate a pair of notch band, which is located at 5.75 and 8.05 GHz, as depicted in Figure 21 . The developed filter is analyzed by using EM simulator CST microwave and fabricated on TACONIC substrate of dielectric constant 2.2. Excellent agreement can be observed which proves that the proposed UWB bandpass filter is of UWB with dual-notch band characteristics and wide stopband, as illustrated in Figure 22 .
Conclusion
The research significance of the UWB bandpass filters and several conventional methods to achieve UWB bandpass filters with desired transmission performance is reviewed in this chapter. As the key building block of the UWB technology, the UWB bandpass filters can be realized by using several reliable design methodologies with excellent frequency response performance, which is of great value for scientific research and engineering significance. 
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